The mechanism of coordination between LPS synthesis and translocation is unknown. Results: Two new proteins, LapA and LapB, co-purify with LPS transport proteins. lapB mutants display defects in lipid A and core assembly. Conclusion: lapB mutants accumulate precursor LPS core species and exhibit elevated levels of LpxC. Significance: Coordinated assembly of LPS is a critical step for targeting to the outer membrane.
substrate of the essential protease FtsH (7, 8) . FtsH-dependent regulated proteolysis of LpxC sets a balance between phospholipid and LPS biosynthesis (7, 8) .
After its synthesis, LPS is flipped across the IM by the essential ABC transporter MsbA (9) and translocated by the IM multiprotein complex LptBFGC and the periplasmic LptA (10 -14) . Last, LPS is delivered to LptD and LptE in the OM (10 -14) . MsbA displays higher specificity toward hexa-and pentaacylated lipid A substrates as compared with tetraacylated derivatives (9, 15) , whereas Lpt proteins appear to interact with all LPS molecules regardless of the level of acylation (14, 16) . It is unclear how bacteria coordinate LPS synthesis and translocation. Here, we speculate that a quality control-like system or a scaffold-like structure ensures that only completely synthesized LPS molecules are translocated. Ordered and rapid completion of LPS synthesis at the IM demands that all LPS biosynthetic enzymes must be fully active and present in stoichiometric amounts at the assembly site for LPS.
We reported earlier that synthesis of glycosylation-free LPS or Kdo 2 ϩ lipid IV A precursor induced the envelope stress response (6) . Under such stress, bacteria can grow only in minimal medium at lower temperatures (6) . Mutations in an uncharacterized locus, mapping at 28 min on the chromosome of E. coli, also caused induction of the envelope stress response (17) . In this work, we constructed non-polar deletions of two genes of the 28 min locus and found that they exhibit defects in the LPS assembly. We designated these genes lapA and lapB (lipopolysaccharide assembly proteins). The lapB gene was found to be essential under laboratory growth conditions, and suppressor-free ⌬lapB mutant could be constructed only on minimal medium at 30°C. Such mutants accumulate early intermediates of LPS biosynthesis and exhibit elevated levels of LpxC. Consistent with a role in the LPS assembly, during pulldown experiments, LapA and LapB co-purified with LPS, FtsH, and Lpt proteins. Extragenic suppressors of ⌬lapB mapped to genes whose products either control the lipid A biosynthesis (lpxC) or the LPS core biogenesis or factors that dampen the envelope stress response.
EXPERIMENTAL PROCEDURES
Bacterial Strains, Plasmids, and Media-The bacterial strains and plasmids used in this study are described in supplemental Table S1 . Luria-Bertani (LB) broth, M9 (Difco), and 121 phosphate-limiting minimal media were prepared as described (4, 18) .
Generation of Null Mutations and Construction of Their Combinations-Non-polar deletions of lapA, lapB, (lapA lapB), lpp, yceK, and slrA genes were constructed by using the Red recombinase/FLP-mediated recombination system as described previously (19, 20) . The coding sequence of each gene was replaced with either a kanamycin (aph) or chloramphenicol (cat) resistance cassette flanked by FRT (FLP recognition target) recognition sequences, using plasmids pKD13 and pKD3 as templates (19) . To replace the coding sequence by a spectinomycin resistance cassette (ada), the pLC1921 plasmid was used as the template (21) . PCR products were used for recombineering on the chromosome of E. coli K12 strain GK1942, a derivative of BW25113 containing the Red recombinase-encoding plasmid pKD46. Gene replacements and their exact chromosomal locations were verified by PCR and sequencing of PCR products and then transduced into BW25113. Multiple null combinations were made through a series of bacteriophage P1-or T4-mediated transductions, followed by the removal of the antibiotic cassette when required. To avoid accumulation of suppressors, all of the transductions were carried out in M9 minimal medium at 30°C. When required, the ⌬(lapA lapB) or ⌬lapB mutation was introduced in the presence or absence of a plasmid carrying the cloned wild-type copy of the target gene. The chromosomal DNA of isogenic ⌬(lapA lapB) or ⌬lapB deletion derivatives was used to amplify waaC, gmhA, and lpxC genes with their flanking sequences, and PCR products were verified to contain the wildtype sequence. The strain carrying deletion of the dnaK dnaJ operon (PK101) (22) was used as a donor in bacteriophage T4-mediated transduction to construct a deletion derivative in BW25113 (GK3078) and combined with ⌬(lapA lapB), resulting in strain SR17161. This strain was verified to have correct deletion by the absence of DnaK and DnaJ antigens and resistance to bacteriophage . The sfhC21 mutation was transduced into BW25113 from A8926 ⌬ftsH3::Kan sfhC21 zad220::Tn10 using linked Tet marker (23) . This resulted in strain GK3576, which served as the host strain for the introduction of ⌬ftsH3::Kan and ⌬(lapA lapB). Strain slrA C SR17675 with chromosomal constitutive expression of the slrA RNA was constructed by the replacement of the processed RNA region upstream of mature slrA using appropriate oligonucleotides (supplemental Table S2 ). The construction of non-polar deletion derivatives of surA, waaC, and rseA genes was described previously (6, 17, 24) .
For the complementation analysis, the wild-type (lapA lapB) genes were cloned from the genomic DNA in low copy pSC101based pWSK29 and pWSK30 vectors (25) . This resulted in the construction of plasmids pSR16726 and pSR16730, respectively. Complementing clones were verified by DNA sequencing. For the complementation of ⌬lapB derivatives, plasmid pSR16881 from pSR16726 was used. This plasmid expresses only the lapB gene due to the introduction of stop codon (TAG in the place of TGG) corresponding to amino acid residue 64 in the lapA gene.
For protein production, the minimal coding sequence of the lapA gene of E. coli was PCR-amplified and cloned in the expression vector pET28b (NdeI-XhoI), generating C-terminal hexa-His-tagged LapA (pGK3605). Similarly, the minimal coding sequence of the lapB gene was PCR-amplified and cloned in pET28b (NcoI-XhoI), generating C-terminal hexa-His-tagged LapB (pSR7815). The expression of the waaC gene was induced from the ptac-based expression vector pCA24N (26) . The minimal coding sequence of the lptC gene was PCR-amplified with appropriate oligonucleotides (supplemental Table S2 ) and cloned into pET28b using (NdeI-XhoI) sites. This resulted in the pSR15978 (plptC ϩ ) plasmid.
Error-prone PCR random mutagenesis was employed using the GeneMorph mutagenesis kit (Agilent Technologies). For PCR amplification, plasmid pSR16726 carrying lapA and lapB genes was used as template using appropriate oligonucleotides (supplemental Table S2 ). PCR products were recloned in pWSK29 and pWSK30 vectors and used to transform ⌬(lapA lapB) or ⌬lapB mutants on M9 minimal medium. Transformants that were unable to grow on rich medium at 30 or 37°C were retained, and their plasmids were analyzed by DNA sequencing.
RNA Purification and Mapping of 5Ј Ends-For the examination of lapAB and slrA transcripts, RNA was extracted from the wild-type strain BW25113. The cultures were grown in M9 medium at 30°C until an absorbance of 0.2 at 600 nm, and when required, an aliquot was subjected to heat shock at 42°C for 15 min. Cultures were centrifuged (10,000 rpm, 3 min). Typically, pellet from a 5-ml culture was resuspended in 1 ml of cold TRIsure solution (Bioline UK). RNA was purified according to the manufacturer's protocol and digested with RQ1 DNase (Promega) to remove any chromosomal DNA, followed by phenol extraction and RNA precipitation.
The GeneRacer from Invitrogen was used to obtain 5Ј ends of cDNA according to the manufacturer's protocol. Two g of total RNA, obtained from cultures grown at either 30°C or after 15-min heat shock at 42°C, was ligated to the GeneRacer RNA oligonucleotide and was reverse transcribed with SuperScript III RT. In the case of slrA, RNA with and without treatment with calf intestinal phosphatase was used to identify primary and processed products. The cDNA was amplified by PCR using 2 pmol of reverse gene-specific primers (supplemental Table S2 ) and GeneRacer 5Ј primer. An additional round of nested PCR was employed, using GeneRacer nested and genespecific oligonucleotides. PCR products from the first amplification and the second round nested PCR were purified and cloned into pCR-4-TOPO vector. From each reaction, at least six independent plasmids were isolated and sequenced using M13 forward primer.
␤-Galactosidase Assays-To measure the activity of rpoEP2, rpoHP3, groESL, and cpxP promoters, single-copy chromosomal promoter fusions to the lacZ gene were used, whose construction has been described previously (27, 28) . The regions covering the P2 hs and P3 promoters of the lapA lapB operon were amplified by PCR. To quantify heat shock regulation, the minimal lapABP2 hs promoter region was cloned using specific oligonucleotides (supplemental Table S2 ). Similarly, the promoter region of the slrA gene was amplified by PCR. PCR products were digested with EcoRI and BamHI and cloned into the promoter probe vectors pRS415 or pRS551. All of the cloned promoters were transferred to the chromosome in single copy by recombination with RS45, selecting for lysogens as described previously (27) (28) (29) . ␤-Galactosidase activity was determined as described previously (4) .
Construction of Chromosomal Single-copy LapA, LapB, LptD, WaaC, and WaaO FLAG Derivatives-To construct chromosomal C-terminal 1ϫ or 3ϫ FLAG-tagged derivatives, plasmids pSUB312 and pSUB11 (30) were used as templates for PCR amplification as described previously (4) . PCRs were carried out using appropriate oligonucleotides. Verification of non-dis-turbed function of the concerned gene was done on the basis of the presence of the wild-type phenotype. The construction of chromosomal LpxM-3ϫFLAG was described previously (4) .
Because the translation of LapA and LapB was found to be coupled, an additional LapA-FLAG derivative was constructed. This was achieved by inserting the P2 hs and P3 promoter region of the lapA lapB operon and by providing the ribosome-binding site upstream of the lapB coding sequence. This was achieved by a two-step overlap PCR using the appropriate oligonucleotides (supplemental Table S2 ). The PCR product from the second round of amplification was used for Red-mediated recombineering. The resulting construct (SR16430) was also verified to have normal LapA and LapB function in terms of synthesis of the wild type-like LPS.
Protein Purification-Expression of hexa-His-tagged LapA and LapB was induced in the strain E. coli BL21 at an optical density of 0.1 at 600 nm in a 3-liter culture by the addition of 0.6 mM isopropyl 1-thio-␤-D-galactopyranoside (IPTG) at 28°C. When required, rifampicin (200 g ml Ϫ1 ) was added after a 1-h incubation with IPTG to block the host protein synthesis. Similarly, expression of hexa-His-tagged WaaC was induced in the strain E. coli BW25113 by the addition of 0.7 mM IPTG. To validate the in vivo interaction of WaaC and LapB, WaaC expression was induced in the strain GK2642, carrying chromosomal LapB-FLAG. Compatible plasmids expressing Histagged LptC and non-His-tagged LapB in pWSK29 (lapB) were co-expressed in E. coli BL21 strain. For their co-expression, the mild inducing conditions with 0.15 mM IPTG were used. After 4 h of induction at 28°C, cells were harvested by centrifugation at 7,000 rpm for 20 min. The pellet was resuspended in B-PER reagent (Pierce) (1:500 volume of culture), supplemented by 200 g ml Ϫ1 of lysozyme, 300 units of benzonase, and 500 g ml Ϫ1 of a protease inhibitor mixture (Sigma), and incubated with gentle stirring for 30 min on ice. The lysates were centrifuged at 45,000 ϫ g for 30 min at 4°C. The pellet fraction containing IM, OM proteins, and aggregates was resuspended in B-PER reagent and 2 volumes of buffer A (50 mM NaH 2 PO 4 , 300 mM NaCl, 10 mM imidazole) supplemented with 1% octyl-␤-Dglucoside and a mixture of protease inhibitors. Pellet was stirred at 4°C for 4 h and centrifuged at 45,000 ϫ g for 30 min at 4°C. Supernatant was applied over nickel-nitrilotriacetic acid beads (Qiagen), pre-equilibrated with buffer A. The column was extensively washed with 20 mM imidazole supplemented with 1% octyl-␤-D-glucoside. Proteins were eluted with buffer A, using a step gradient ranging from 50, 100, 250, and 500 mM imidazole and analyzed on 12.5% SDS-PAGE.
Multicopy and Extragenic Suppressor Isolation-A plasmid library containing a complete genomic set of E. coli ORFs (26), except for lapA and lapB genes, was used to transform either ⌬lapB or ⌬(lapA lapB). Transformants were plated in parallel under non-permissive growth conditions in the presence of either 25 or 75 M IPTG. Individual colonies that grew at 40 or 42°C on LA medium or on M9 medium at 42°C (Ts ϩ ) or Mac-Conkey-resistant transformants were selected. Plasmid DNA was isolated from such suppressors. This DNA was used to retransform original suppressor-free ⌬lapB and ⌬(lapA lapB) mutants to confirm the suppression. The identity of the multicopy-suppressing gene was obtained by DNA sequencing.
An additional multicopy library was constructed in p15Abased vector as described previously (31) , using chromosomal DNA isolated from the ⌬(lapA lapB) mutant. DNA from such a library was used to transform suppressor-free ⌬(lapA lapB) or ⌬lapB mutants to isolate multicopy suppressors of various growth defects as described above. Plasmids that confirmed the suppression were used to identify the suppressing gene(s) upon standard subcloning.
For the isolation and characterization of extragenic suppressors, several independent single-colony cultures of suppressorfree ⌬(lapA lapB) BW25113 derivative were grown at 30°C in M9 minimal medium. Aliquots were plated on LA medium at 37 and 42°C or streaked on M9 minimal agar at 42°C. Temperature-resistant colonies were grown, and suppressor mutation was marked with Tn10 as described previously (27) . The position of Tn10 was determined by the inverse PCR. To characterize suppressor mutation(s) in W3110 and BW30207 backgrounds, ⌬lapB transductants obtained in the absence of complementing plasmid were analyzed. The suppressor mutation was marked by Tn10 and further transduced in the wildtype strain. Such derivatives were phenotypically characterized, and the position of Tn10 was determined, followed by the complementation analysis using the plasmid DNA from the library of E. coli ORFs (26) . The position of mutation was determined by DNA sequencing of PCR-amplified products.
Isolation of Aggregated Proteins-The aggregation and/or folding status of various LPS biosynthetic enzymes was analyzed using isogenic strains with a chromosomal FLAG epitope-encoding tail appended to the 3Ј end of the individual gene. The protocol for quantification of aggregation was followed (32) with the following modifications. Bacterial cultures (25-30 ml) were grown in M9 minimal medium at 30°C up to an A 600 of 0.2. Half of the culture was heat-shocked at 42°C and incubated with shaking for another 90 min. Heat-shocked cultures and the control (30°C) were harvested by centrifugation. Pellets were resuspended in 600 l of B-PER reagent; supplemented with 1 mg ml Ϫ1 lysozyme, a mixture of protease inhibitors (Sigma), and 30 units of benzonase; and incubated for 90 min on ice with gentle mixing. Intact cells were removed by centrifugation at 2,000 ϫ g for 15 min at 4°C. Soluble and insoluble cell fractions (containing membrane and aggregated proteins) were isolated by subsequent centrifugation at 15,000 ϫ g for 20 min at 4°C. The pellet fractions were resuspended in 300 l of B-PER reagent, supplemented with 2% octyl-␤-D-glucoside, a mixture of protease inhibitors (Sigma), and 30 units of benzonase, followed by brief sonification. The mixture was incubated with mixing for 4 h and centrifuged (15,000 ϫ g, 90 min, 4°C) to obtain IM fractions solubilized by octyl-␤-D-glucoside. The pellet fraction, containing OM and aggregated proteins, was resuspended in 40 l of 10 mM Tris buffer supplemented by a mixture of protease inhibitors. Soluble, IM fractions and aggregates were analyzed by gel electrophoresis.
LPS Extraction-Typically, 400-ml cultures of isogenic bacteria were grown in either M9 medium or in phosphate-limiting 121 medium until reaching an optical density of 0.8 -1.0 at 600 nm at 30°C. Cultures were harvested by centrifugation (8,671 ϫ g, 30 min, 4°C), and LPS was extracted by the phenolchloroform-petroleum ether procedure (33) and lyophilized.
For the LPS analysis, lyophilized material was dispersed in water by sonication and resuspended at a concentration of 2 mg ml Ϫ1 . For detection of the chemotype, an equivalent portion of whole cell lysate treated with proteinase K was applied to a 16.5% Tricine gel. Gels were silver-stained for LPS analysis.
Mass Spectrometry-Electrospray ionization (ESI) Fourier transform ion cyclotron (FT-ICR) mass spectrometry was performed on intact LPS in the negative ion mode, using an APEX QE (Bruker Daltonics) equipped with a 7-tesla actively shielded magnet and dual ESI-MALDI. LPS samples were dissolved at a concentration of ϳ10 ng l Ϫ1 and analyzed as described previously (6) . For nonspecific fragmentation, the DC offset (collision voltage) of the quadruple interface was set from 5 to 30 V. Under these conditions, the labile linkage between lipid A and the core oligosaccharide is cleaved. Mass spectra were chargedeconvoluted, and mass numbers given refer to the monoisotopic peaks. Mass calibration was done externally using well characterized similar compounds of known structure.
Western Blot Analysis-Routinely, cultures were grown at 30°C for 20 -24 h in 30 ml of M9 minimal medium, harvested by centrifugation at 14,000 rpm for 10 min, and resuspended in SDS lysis buffer. For heat shock induction, overnight bacterial cultures were grown at 30°C. Cultures were diluted to an optical density of 0.02 at 600 nm and allowed to grow up to an optical density of 0.2 at 600 nm. Half of the sample was shifted to a prewarmed flask at 42°C. Samples were withdrawn after every 5-min interval, and proteins were immediately precipitated by the addition of 10% TCA and resolved by 12% SDS-PAGE. After electrophoresis, proteins were blotted to a PVDF membrane and detected with specific antibodies as described previously (27, 34) .
RESULTS
LapB Is Essential for Bacterial Growth in Rich Medium-We previously described the isolation of mutants with elevated levels of envelope stress response during a screen to identify periplasmic protein folding factors (17) . However, no function could be assigned to the genes affected by these mutations, all of which mapped at 28 min on the chromosome of E. coli. These mutations mapped to two uncharacterized genes, yciS and yciM. We speculated that these mutations could affect the synthesis or translocation of LPS because genetic variants synthesizing minimal LPS composed of Kdo 2 -lipid IV A also exhibit similar phenotypes (6) . In depth analysis revealed that products of yciS and yciM genes indeed play an important role in the assembly of LPS, and they were therefore designated lipopolysaccharide assembly proteins LapA and LapB. Several non-polar deletions, ⌬lapA, ⌬lapB, and ⌬(lapA lapB), were constructed and examined in detail for the LPS content. Such deletions were transduced in well characterized E. coli K12 backgrounds, such as W3110, MG1655 derivative BW30207, and BW25113 on M9 minimal and LA-rich medium at 23, 30, 37, and 42°C. ⌬(lapA lapB) or ⌬lapB suppressor-free mutants could be obtained in the BW25113 parental strain but only on M9 medium at 30°C, and these mutants formed very small size colonies ( Table 1 ). Transductants were obtained at 23°C only after prolonged incubation (72 h). ⌬(lapA lapB) and ⌬lapB transductants were only obtained in the presence of plasmid carrying lapA and lapB genes in the parent strain W3110 or BW30207 (Table 1 ). However, ⌬lapA deletion was tolerated in all backgrounds, unless when such strains were grown on Mac-Conkey agar at 43°C ( Table 1 ). The growth defects of BW25113 ⌬(lapA lapB) and ⌬lapB derivatives were quantified by measuring growth in liquid cultures (Fig. 2, A and B) . After a shift to 42°C, the ⌬(lapA lapB) and ⌬lapB mutants ceased to grow after 2 h even in M9 minimal medium. A growth defect in minimal and LB medium was also observed for ⌬(lapA lapB) and ⌬lapB mutants even at 30°C (Fig. 2, A and B) . Together, these results show that the lapB gene is essential under standard laboratory growth conditions, and its deletion results in a severe growth defect.
lapA and lapB Are Heat Shock Genes-Our previous studies of transcriptional profiling revealed increased lapB transcription at high temperature (35) . Further independent studies suggested that the lapB gene belongs to the RpoH regulon (36, 37) . To confirm these observations, we decided to map the 5Ј ends of the RNA by 5Ј RACE from RNA extracted from wild-type cultures grown at 30°C and upon shift for 15 min to 42°C. These experiments identified three transcription initiation sites designated P1, P2 hs , and P3 (Fig. 3A ). The transcription initiation start site corresponding to the P2 hs promoter was found to be located 108 nt upstream of the translational initiation codon of the lapA gene. Plasmids bearing this 5Ј end were enriched from clones based on RNA extracted upon shift to 42°C. Examination of DNA sequence upstream of the P2 hs initiation site revealed a remarkable similarity to RpoH-regulated heat shock promoters. Sequence conservation could be seen both in the Ϫ10 and Ϫ35 boxes of well characterized RpoHregulated promoters (Fig. 3B ). The other major initiation site P3 was mapped at either 56 or 57 nt upstream of the initiation codon from clones derived from RNA extracted from 30°C growth conditions (Fig. 3A) . The sequence of the predicted Ϫ10 region of the P3 promoter suggested that it is a housekeeping promoter. However, the lack of Ϫ35 consensus sequence and the presence of TGG adjacent to the Ϫ10 sequence suggests extended Ϫ10 promoter (38) . The P1 initiation site was found to be located upstream of the pgpB gene with a good match to the Ϫ10 consensus of housekeeping promoters (Fig. 3A ). Highly conserved TG dinucleotide (39) is present in the putative Ϫ35 region ( Fig. 3A ). Transcription initiating from the P1 promoter suggested coupling of the lapAB transcription with phospholipid synthesis as the pgpP gene encodes phosphatidylglycerophosphate phosphatase (40) .
To confirm heat shock regulation of the P2 hs promoter, the activity of a single-copy chromosomal promoter fusion lapABP2 hs -lacZ was analyzed. Examination of its activity revealed a heat shock induction comparable with that of a well characterized heat shock promoter of the groESL operon ( Fig.  3C ). Heat shock induction of LapA and LapB was validated by examining levels of chromosomally encoded LapA-FLAG and LapB-FLAG. Levels of LapA and LapB follow a classical heat shock induction, followed by a typical shut-off ( Fig. 3 , D and E). Taken together, these results show that the lapA lapB operon is subjected to heat shock induction consistent with the promoter sequence element upstream of the P2 hs transcription start site.
⌬lapB and ⌬rpoH Mutants Have Defects in LPS-Analyses of whole cell lysates revealed that ⌬lapB mutant accumulated elevated levels of LPS with a few faint faster migrating species (Fig.  2C ). However, it is known that heptose-deficient LPS and underacylated LPS stain less intensely than when the LPS is with the full-length core (41) and thus may not reflect complete LPS alterations. To determine the LPS composition, LPS was purified and analyzed by mass spectrometric analysis. Cultures were grown under permissive suppressor-free growth conditions at 30°C in either M9 or phosphate-limiting 121 medium. The phosphate-limiting growth condition was used because it allows us to study lipid A and LPS core modifications not found in the LPS obtained from M9 medium (4). Modifications by P-EtN and Ara4N served as indicators of LPS translocation (9) . Mass spectra of LPS from the ⌬lapB mutant grown in M9 medium revealed a considerable degree of heterogeneity. For example, the spectra of LPS from the ⌬lapB mutant contained the mass peak at 2,237.3 Da and its derivatives (Fig. 4B ). The mass peak at 2,237.3 Da corresponds to the minimal LPS structure composed of only LA hexa ϩ Kdo 2 . Further mass peaks at 2,429.5 and 2,621.7 Da suggested the incorporation of one and two additional Hep residues, respectively, derived from LA hexa ϩ Kdo 2 (Fig. 4B ). Additionally, mass peaks corresponding to pentaacylated derivatives were also present, as revealed by the mass peak at 2,219.2 Da and its derivatives ( Fig. 4B ). Further, a range of mass peaks depicting incomplete synthesis could be observed for spectra of LPS extracted from the ⌬lapB mutant but not in the LPS of the wild type. Mass peaks corresponding to complete core synthesis were also present in spectra of LPS from the ⌬lapB mutant.
Mass spectrometric analyses of LPS from ⌬lapB mutant obtained from phosphate-limiting growth conditions also revealed the presence of several mass peaks corresponding to early intermediates and to mature LPS ( Fig. 4D ). Further, some of the mass peaks indicated the presence of pentaacylated lipid A in the LPS of the ⌬lapB mutant ( Fig. 4D ). Thus, the mass peak at 2,815.4 Da in the LPS of ⌬lapB mutant corresponds to LA penta ϩ Kdo 2 ϩ Hep 2 ϩ Hex 2 ϩ P composition. Mass peaks at 3,279.6 and 3,402.6 Da correspond to hexaacylated LPS, composed of only 2 Hep and 2 Hex residues in the core. Interestingly, mass peaks corresponding to the complete glycoform I with additional modifications by GlcUA, Ara4N, and P-EtN (the mass peak at 4,040.9 Da and its derivatives) were also present. Mass peaks revealing substitutions with P-EtN and Ara4N suggested that the defects in LPS of ⌬lapB mutant do not hinder LPS translocation.
Normal LPS composition was restored when the ⌬lapB mutant was transformed with plasmid pSR16881 encoding the wild-type copy of the lapB gene ( Fig. 4E ). Distribution of mass peaks, corresponding to mature glycoforms and their derivatives, was found to be nearly identical to that of the LPS obtained from the wild type ( Fig. 4C) . Thus, the observed accumulation of LPS precursors in the ⌬lapB mutant is the direct consequence of a loss of LapB function and not due to the accumulation of extragenic suppressors. Mass spectra of LPS from ⌬lapA mutant also revealed accumulation of a few incomplete LPS precursors. However, the majority of mass peaks corresponded to the complete glycoform I or glycoforms with a third Kdo and rhamnose (Figs. 1 and 4F). These results are consistent with minor growth defects observed for the ⌬lapA mutant. Because one of the promoters of lapAB genes is RpoH-regulated, we analyzed LPS of a ⌬rpoH derivative as well. This analysis revealed that premature termination of LPS biosynthesis occurred in this mutant ( Fig.  4G ). For example, the mass peak at 3,402.6 Da, which is also present in the LPS of ⌬lapB mutant, is predicted to contain only 2 Kdo, 2 Hep, and 2 Hex residues in the truncated core ( Fig. 4 , D and G). A defect in the LPS assembly linked to a loss of the rpoH gene has not been reported before. However, this defect is not as severe as in the case of ⌬lapB mutant, presumably because transcription from the P1 and P3 promoters is RpoH-independent.
Analysis of the lipid A portion of LPS from the ⌬lapB mutant confirmed the accumulation of pentaacylated species, as revealed by the mass peak at 1,587.0 Da in addition to hexaacylated lipid A derivative (mass peak at 1,797.2 Da) ( Fig. 5B ). Further, mass peaks at 1,769.2 Da and derivatives with P-EtN (1,892.5 Da) and Ara4N (1,900.3 Da) substitutions were present in the lipid A of ⌬lapB mutant but were absent in the wild type ( Fig. 5B ). The mass peak at 1,769.2 Da suggested the incorporation of additional lauroyl chain at the place where myristoyl chain is usually incorporated. Such lipid A alterations have been observed in lpxD mutants or mutations mapping to the fabZ gene, which confer resistance to LpxC inhibitors (42, 43) .
LapA and LapB Co-purify with Lpt Proteins-To further understand the function of LapA and LapB, we purified these proteins. LapA and LapB were found to be present in IM fractions and could be solubilized by a mild detergent like octyl-␤-D-glucoside. LapA and LapB were found to co-purify with each other and some other proteins (Fig. 6, A and B) . MALDI-TOF analyses of co-purifying proteins revealed that LapA co-purifies with LptE/D, LptBFGC, LptA, and DnaK/J proteins ( Fig. 6A) . Similarly, independently expressed His-tagged LapB was found to co-elute with the same set of Lpt proteins, FtsH as well as WaaC (Fig. 6B ). Quite surprisingly, LptE was enriched in LapA preparations.
To validate LapA and LapB interaction with LPS transport proteins, LapB and His-tagged LptC were co-induced and used for purification. In these experiments, LptC and LapB co-eluted, and these fractions were also enriched in LapA, LptBFG, DnaJ, and LptE/D (Fig. 6, A and B) . Co-elution of LapB and Lpt proteins suggested that LapA and LapB could be part of the Lpt transenvelope complex. Further, the IM localization and co-purification of LapB with heptosyltransferase I and Lpt proteins support a role in coupling LPS synthesis and translocation. In this process, LapA and LapB could provide a scaffoldlike structure for LPS assembly. Co-purification of FtsH with LapB could be part of the mechanism that controls levels of LpxC. LapB is essential for the bacterial growth in rich medium. Isogenic bacterial cultures of the wild type and ⌬lapB and ⌬(lapA lapB) mutants were grown overnight in M9 medium at 30°C. Cultures were adjusted to A 600 of 0.05 in 12 ml of prewarmed M9 medium at 30 and 42°C (A). Aliquots of samples were drawn at different intervals, and the bacterial growth was monitored by measuring A 600 . In parallel, growth of the wild type and its ⌬(lapA lapB) derivative was monitored after shift at A 600 of 0.05 in prewarmed LB medium (B). An equivalent amount of bacterial cells obtained from the wild type and its ⌬lapB derivative grown on M9 agar at 30°C were used to prepare whole cell lysates. Samples were digested with proteinase K and applied on a 16.5% SDS-Tricine gel, and LPS was revealed by silver staining (C). The asterisk in the lane corresponding to the LPS from ⌬lapB mutant indicates faster migrating species.
Purified LapA and LapB Contain LPS-We wondered whether LapA and LapB might also interact with LPS. To obtain relatively pure LapA and LapB proteins, the expression of their cognate genes was induced from the T7 promoter in the presence of rifampicin to block the host protein synthesis, and proteins were purified as described above. Under these conditions, relatively pure LapA preparations could be obtained (Fig.  6A, lane 5) . However, LapB still contained LptBFG proteins, although their amounts were much lower when rifampicin was used. It has been reported that free LPS does not directly bind to nickel affinity resins in the presence of imidazole (14) . Such LapA and LapB protein preparations were digested with proteinase K, and LPS was revealed by silver staining of SDS-Tricine gels. Both LapA and LapB preparations were found to contain LPS with relatively higher amounts in LapA preparations ( Fig. 6C) . Further, as a negative control, free LPS did not bind to the nickel affinity resin, and most of it came out in the flowthrough ( Fig. 6D ). However, it is likely that LapA and LapB bind LPS in a complex. These results support a model whereby LapA and LapB serve as docking sites in the IM for the assembly of LPS.
Co-purification of Heptosyltransferase I and LapB-Because WaaC was found to co-purify with LapB, we performed additional experiments to confirm this co-purification. Expression of hexa-His-tagged WaaC was induced in the strain carrying the single-copy LapB-FLAG tag on the chromosome. WaaC was purified by affinity chromatography (Fig. 6E ). WaaC eluted in an identical manner whether purified from a strain encoding or not encoding the LapB-FLAG. Fractions containing WaaC were analyzed by Western blotting using anti-FLAG antibody, which revealed the presence of LapB-FLAG ( Fig. 6F ). It should be noted that, as reported earlier, WaaC associates with the IM (44) . Taken together, these results suggest that LapB could recruit WaaC to the site of LPS synthesis. This would ensure heptose transfer because it is the first step in the LPS core assembly after the Kdo attachment.
LpxC Accumulates in ⌬(lapA lapB) Mutants-Extragenic suppressor mutations of ⌬lapB or ⌬(lapA lapB) mutants that allow growth at non-permissive growth conditions were isolated and characterized. Three independent suppressor mutations mapping to the lpxC gene were identified. Two of them contained a single nucleotide deletion (loss of A at position 60 nt upstream of the ATG initiation codon). This missing nucleotide was mapped to the Ϫ10 promoter region of the lpxC gene (45), thus presumably decreasing the transcription of the lpxC gene. The third suppressor mutation was a single nt change at the position 557 (T to A, leading to Ile-186 to Asn-186 substitution) and was designated lpxC186. LpxC is an unstable pro-tein that is rapidly turned over by the essential protease FtsH (7, 8) . Thus, ftsH mutants accumulate high amounts of LpxC, leading to an increase in LPS amounts and toxicity (7, 8) . However, the ftsH gene can be deleted in the presence of mutations in the fabZ gene, such as sfhC21, which restore a balance between phospholipids and LPS (7) . Levels of LpxC were examined by Western blot in extracts prepared from the wild-type, ⌬(lapA lapB), ⌬ftsH sfhC21, and ⌬(lapA lapB) lpxC186 bacterial cultures. This analysis revealed that ⌬(lapA lapB) and ⌬ftsH sfhC21 derivatives accumulate high levels of LpxC that is otherwise barely detectable in the wild type ( Fig. 7A) . Consistent with the isolation of lpxC186 as suppressor mutation, the ⌬(lapA lapB) lpxC186 mutant had a much reduced level of LpxC as compared with a ⌬(lapA lapB) or ⌬ftsH sfhC21 mutant. Interestingly, a ⌬(lapA lapB ftsH) sfhC21 or ⌬(lapA lapB) ftsH ϩ derivatives contained similar elevated levels of LpxC. These enhanced levels of LpxC in the ⌬(lapA lapB) mutant did not change when extracts were prepared from culture grown under permissive or non-permissive growth conditions (shift to LB medium at 37 or 42°C). These results establish that FtsH-mediated degradation of LpxC requires LapB, and this may explain the genetic requirement for the lapB gene. Consistent with toxicity caused by elevated levels of LpxC, mutations that reduced the lipid A synthesis like lpxD36, lpxD201, and lpxA2 conferred a modest suppression of growth defects of ⌬(lapA lapB) mutants ( Table 1) .
It has been shown that the essential gene ftsH can be deleted in a background carrying the sfhC21 allele of the fabZ gene (7). This prompted us to examine whether introduction of the sfhC21 allele would also bypass the lethality of ⌬(lapA lapB) and ⌬lapB mutants under laboratory growth conditions. Thus, a BW25113 derivative with sfhC21 allele was constructed and found to tolerate a ⌬(lapA lapB) mutation at 37°C on M9 and LA medium (Table 1 ). These results are consistent with the notion that toxicity due to high amounts of LpxC in the absence of the lapB gene can be relieved when a gain of function mutation in the fabZ gene is introduced.
Consistent with our overall model, the fabZ overexpression to a modest level also suppressed the lethality of ⌬(lapA lapB) mutation and restored growth up to 42°C on M9 medium ( Fig.  7B ). Because the gain of function fabZ mutation (sfhC21) allows deletion of the ftsH gene as well as the lapB gene, we can conclude a similar restoration of a balance between phospholipid and LPS upon the fabZ overexpression.
Characterization of Additional ⌬lapB Suppressors-Mapping of additional suppressor mutations identified loss of function mutations in waaQ/G operon, gmhA, waaC, or lpp in addition to the lpxC gene. GmhA is required for the isomerization of A, nucleotide sequence of the promoter region of the lap operon. Transcriptional start sites were identified from RNA obtained from the wild-type bacteria grown in M9 medium at 30°C and after a 15-min shift to 42°C. The arrows indicate the position of transcription start sites. The site marked as P2 hs corresponds to the heat shock promoter. The corresponding Ϫ10 and Ϫ35 elements are shown. The P1 and P3 start sites represent initiation sites under non-heat shock conditions. The P1 start is located upstream of the pgpB gene as indicated. The highly conserved T and G nucleotides present in the putative Ϫ35 region of the P1 promoter are indicated. The TG dinucleotide upstream of the Ϫ10 region of the P3 promoter, corresponding to the presence of putative extended Ϫ10 promoter, is shown in orange. B, alignment of Ϫ10 and Ϫ35 regions of the lapABP2 hs promoter with well characterized heat shock promoters. C, the activity of lapABP2 hs and groESL promoters was measured using strains carrying single-copy chromosomal promoter fusions. Cultures were grown as described above; heat-shocked at 42°C for 5, 10, 15, 20, and 30 min; and analyzed for ␤-galactosidase activity. Shown is Western blot analysis of whole cell extracts from strains expressing LapA-FLAG (D) and LapB-FLAG (E). Cultures were grown in M9 medium at 30°C up to an A 600 of 0.2. One-ml aliquots were shifted to prewarmed tubes held at 42°C and incubated for 5, 10, 15, or 20 min. Proteins were precipitated by TCA (10%) and analyzed on 12% SDS-PAGE, followed by immunoblotting with anti-FLAG antibody. FIGURE 4 . ⌬lapB mutant accumulates precursor forms of LPS and restoration of normal LPS composition upon complementation. Shown are chargedeconvoluted ESI FT-ICR mass spectra in the negative ion mode of native LPS obtained from the wild-type strain (A) and its ⌬lapB derivative (B) grown in M9 medium at 30°C. C-G, spectra of LPS obtained from cultures grown in 121 medium at 30°C. The relevant genotype is indicated. Mass numbers refer to monoisotopic peaks. In B, mass peaks, mostly corresponding to the substitution by phosphate or sodium adducts or due to carbon change length polymorphism, are not labeled. Rectangular boxes, mass peaks corresponding to the glycoform containing the third Kdo. Ovals, derivatives with two Kdo residues with either complete core or incomplete core. D-sedoheptulose 7-phosphate into D-glycero-D-manno-heptose 7-phosphate, and the waaC gene encodes heptosyltransferase I (1) . It should be noted that suppressor mutation in waaC or gmhA genes allowed a limited growth on LA medium up to 37°C only (Table 1) . However, such suppressors were quite preponderant in ⌬lapB derivatives in the W3110 or BW30207 backgrounds ( Table 1 ). The suppressor mutation in the waaC gene corresponded to a single nucleotide change at position 560 (C to A). This resulted in the substitution of the highly conserved amino acid Thr-187 to Lys-187 ( Fig. 8B) . Amino acid Thr-187 is located within the sugar-nucleotide binding site of WaaC (46) . In the crystal structure of the WaaC-ADP complex, the ␤-phosphate interacts with Thr-187, Thr-188, and Lys-192.
LapA-and LapB-dependent Assembly of LPS in E. coli
The suppressor mutation in the gmhA gene was due to an insertion sequence (IS1) in the Shine-Dalgarno sequence.
Mass spectrometry analysis of LPS from ⌬lapB waaC187 or ⌬lapB gmhAIS1 mutants revealed LPS composition corresponding to LA hexa ϩ Kdo 2 (the mass peak at 2,237.3 Da) resembling the spectra of LPS obtained from ⌬waaC mutant (Fig. 8, A and B) . However, mass spectra of ⌬lapB waaC187 derivative revealed significant differences, as manifested by the presence of several additional mass peaks that were not present in the spectra of LPS obtained from isogenic ⌬waaC mutants. The mass peak at 2,027.1 Da corresponding to LA penta ϩ Kdo 2 was more intense in the spectra of LPS from ⌬lapB waaC187 mutant as compared with the corresponding peak in the spectra MAY 23, 2014 • VOLUME 289 • NUMBER 21
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of LPS from the ⌬waaC mutant ( Fig. 8B ). Further, several mass peaks with a mass difference of 14 Da were present in ⌬(lapB waaC187) derivative (Fig. 8B) . Mass peaks at 2013.1, 1999.1, and 1985.1 Da seem to arise from LA penta ϩ Kdo 2 derivative with the mass peak at 2027.1 Da, following successive loss of 14 mass units. Similarly, mass peaks with loss of 14 mass units also seemed to originate from LA hexa ϩ Kdo 2 mass peak 2,237.3 Da (Fig. 8B ). Further mass peaks with an additional 14 mass units were also present, which originate from LA penta ϩ Kdo 2 . It should be noted that ⌬(lapB waaC) mutant exhibits the same carbon chain polymorphism. This carbon chain polymorphism can be explained if ⌬(lapB waaC) mutant accumulates odd chain fatty acids because they can also be substrates for LpxA and LpxD (47) . Also, underacylation has been reported to cause accumulation of mass peaks with similar 14-mass unit differences (48) .
In order to address the molecular basis of suppression by a loss of function mutation in the waaC gene, LPS was examined from whole cell lysates prepared from isogenic ⌬lapB waaC187 and ⌬waaC derivatives. This analysis revealed a reduction in the total amount of LPS in ⌬lapB waaC187 mutant as compared with the LPS amount in the isogenic ⌬waaC mutant (Fig.  8C) . A partial explanation for such results could be ascribed to the observed reduction in the elevated levels of LpxC in ⌬lapB waaC187 mutant when compared with the LpxC amount in ⌬(lapA lapB) mutant (Fig. 8D) . A similar reduction in the elevated amounts of LpxC was observed in ⌬(lapA lapB) waaQ::Tn10 derivative (Fig. 8D ). This reduction might partly restore the balance between LPS and phospholipids. It should be noted that reduction in the amounts of LpxC does not restore it to wild-type levels. Thus, more in-depth studies are needed to fully explain the mechanism of suppression and molecular basis of carbon chain polymorphism.
Multicopy Suppression Reveals That Components of LPS/ Phospholipid Biosynthesis Require LapB-To further understand the function of LapA and LapB, multicopy suppressors of ⌬(lapA lapB) or ⌬lapB mutants were isolated. This approach can identify substrates and/or limiting factors in ⌬(lapA lapB) mutants. As described earlier, ⌬(lapA lapB) mutants do not grow on LA or M9 at 37 and 42°C or on MacConkey agar even at 30 or 37°C. We used these phenotypes to obtain suppressor clones, which upon mild induction allowed growth of ⌬(lapA lapB) mutants at such non-permissive growth conditions. This approach identified genes whose products are involved in phospholipid biosynthesis (fabB, fabZ), predicted to be involved in LPS assembly (yceK) or LPS synthesis (yeaD), peptidoglycan biogenesis (murA, ydhA, yffH), envelope stress response regulators (small non-coding sRNA designated slrA, hicA, and rcsF), and chaperones (dnaK and dnaJ) ( Table 2 ). The degree of suppression varied among these suppressors (Table 2) . Thus, we further analyzed suppression by the multicopy fabZ and dnaK dnaJ genes, the role and function of non-coding RNA slrA, and defects in ⌬(dnaK dnaJ), and ⌬yceK derivatives.
The New Small Non-coding RNA slrA as a Multicopy Suppressor-Subcloning of minimal DNA fragments that cause suppression led to the identification of the cutC gene and the downstream UTR. The cutC gene is a member of the RpoE regulon required for copper homeostasis (28) . Deletion analysis showed that the suppression did not require the promoter A and B) , complex after co-expression of LapB with LptC. Purified samples corresponding to lanes 5 and 7 in the A representing LapA and LapB, respectively, were digested with proteinase K and applied onto a 16.5% SDS-Tricine gel, followed by silver staining to reveal LPS (C). D, as a negative control, 300 g of purified LPS from the wild-type bacteria was applied over nickel-nitrilotriacetic acid beads, pre-equilibrated with the same buffer used in the purification of LapA. One g of purified LPS, a portion of the flow-through (FT), and LPS after elution were digested with proteinase K and analyzed as described above. E and F, WaaC heptosyltransferase I co-purifies with LapB. His-tagged WaaC was overproduced in the strain expressing LapB-FLAG from the chromosome. WaaC purification profile was examined by the analysis of WaaC elutions on 12% SDS-PAGE (E). The arrows indicate the position of LapB and WaaC. The same samples as used in E were analyzed on 12% SDS-PAGE and tested for the presence of LapB-FLAG, using FLAG antibody after immunoblotting (F).
FIGURE 7. The accumulation of LpxC in ⌬(lapA lapB) mutant and suppression of its growth defects by the overexpression of the fabZ gene. A,
cultures were grown at 30°C in M9 medium up to an A 600 of 0.2, and aliquots were shifted to 37 and 42°C for 30 min in LB medium. An equivalent amount of total protein was analyzed on 12% SDS-PAGE, followed by immunoblotting using LpxC antibodies. Note the elevated amounts of LpxC in ⌬(lapA lapB) mutant and its reduction in lpxC186 background and upon overexpression of the slrA sRNA. B, cultures of ⌬(lapA lapB) mutant carrying the vector alone or expressing the fabZ gene from plasmid under the control of the ptac promoter were grown in M9 medium at 30°C, adjusted to an A 600 of 0.1, and serially diluted. Five-l aliquots were spotted on M9 plate supplemented with 25 M IPTG and incubated at 42°C. Charge-deconvoluted ESI FT-ICR mass spectra in the negative ion mode of LPS isolated from strains with ⌬waaC deletion (A) and ⌬lapB with waaCT187K suppressor mutation (B). Cultures were grown in permissive conditions at 30°C in M9 medium. Mass peaks corresponding to pentaacylated lipid A species lacking the myristoyl chain, and mass peaks representing carbon chain polymorphism are drawn schematically. Mass numbers refer to monoisotopic peaks, and the predicted compositions of mass peaks are indicated. C, equivalent amount of bacterial cells obtained from isogenic strains carrying the ⌬waaC deletion (lane 1) and ⌬lapB waaCT187K derivative (lane 2) grown on LA agar at 30°C and processed to obtain whole cell lysates. Samples were digested with proteinase K and applied on a 16.5% SDS-Tricine gel, and LPS was revealed by silver staining. Isogenic bacterial cultures were grown at 30°C in M9 medium up to an A 600 of 0.2 and harvested by centrifugation. An equivalent amount of total protein was analyzed on 12% SDS-PAGE, followed by immunoblotting using LpxC antibodies (D), and as a loading control, the same samples were tested by immunoblotting using antibodies to the ␣ subunit of RNA polymerase, in the bottom panel (D). The relevant genotype is indicated. region of the cutC gene and suggested a potential non-coding region within the cutC gene and its terminator region (Fig. 9A ). This gene was further characterized by mapping 5Ј and 3Ј ends of RNA. This revealed expression of an ϳ307-nt primary RNA transcript, which is processed to an 80-nt mature non-coding RNA (Fig. 9, A and B) . This sRNA is located at the 3Ј UTR of the cutC gene ( Fig. 9A) and was designated slrA (suppressing lap RNA). The transcription initiation site revealed that its Ϫ35 and Ϫ10 regions and their spacing resembled the consensus sequence of RpoE-regulated promoters (Fig. 9, A and C) . The Ϫ35 region perfectly matches the Ϫ35 consensus of promoters recognized by RpoE ( Fig. 9C) (28) . This regulation was confirmed by generating a single-copy promoter fusion of slrA. Such slrA promoter fusion behaved as predicted for RpoE-regulated promoters because its expression was highly increased in a ⌬rseA mutant (Fig. 9D ). RseA acts as antifactor for RpoE and negatively regulates RpoE activity (24) .
To address the function of slrA non-coding RNA and the molecular basis of its multicopy suppression, we examined specific defects of ⌬(lapA lapB) mutants that could be suppressed. The minimal plasmid clone in a medium copy plasmid, carrying the gene encoding this non-coding RNA, can restore growth of a ⌬(lapA lapB) mutant on rich medium and MacConkey agar ( Fig. 9E and Table 2 ). As shown above, ⌬(lapA lapB) mutants accumulate high amounts of LpxC, causing toxicity, and have limiting amounts of functional WaaC at high temperature.
Immunoblotting of whole cell extracts with and without overexpression of the slrA RNA caused a modest decrease in the amounts of LpxC at 30 and 37°C (Fig. 7A ).
Further, it seems that the suppression upon overexpression of the slrA RNA could also be explained by the slrA-mediated negative feedback mechanism. This negative feedback mechanism could be ascribed to the down-regulation of elevated levels of the RpoE-dependent envelope stress response in ⌬(lapA lapB) mutants upon slrA overexpression. Analysis of proteomic changes in the whole cell extracts from ⌬(lapA lapB) mutant or the wild-type bacteria after overexpression of the slrA RNA revealed that the amounts of Lpp lipoprotein were specifically reduced based on its identification by MALDI-TOF (data not shown). Lpp is the most abundant protein in E. coli and carries three fatty acyl chains (49, 50) . Overall, these results are consistent with the isolation of a loss of function mutation in the lpp gene as an extragenic suppressor ( Table 1 ). The repression of Lpp synthesis could be due to the predicted base pairing of slrA RNA and lpp mRNA in the region around the AUG and Shine-Dalgarno sequence. Because mutations in the lpp gene or overexpression of the sohB gene have been shown to rescue the temperature-sensitive phenotype of degP mutants (51, 52), a strain with a constitutive elevated expression of slrA was constructed to verify if increased synthesis of slrA can suppress the temperature-sensitive phenotype of a ⌬degP mutant. Consistent with these predictions, an slrA C degP derivative did not exhibit the temperature-sensitive phenotype like its parental isogenic ⌬degP mutant at 42°C (Fig. 9F) . The rescue of the temperature-sensitive phenotype in degP lppA has been previously attributed to release of toxic substances from the periplasm (51) . The negative feedback action of down-regulation of the RpoE-dependent stress response was validated by the examination of levels of DegP, when the slrA sRNA was overexpressed from a plasmid as compared with the ⌬(lapA lapB) derivative carrying the vector alone. This analysis revealed a reduction in the levels of DegP, which are otherwise elevated in a ⌬(lapA lapB) mutant (Fig. 9G) . Taken together, reduction in LpxC and Lpp amounts and a decrease in the levels of elevated stress response can explain the identification of the slrA sRNA as a multicopy suppressor of a ⌬(lapA lapB) mutant. The reduction in Lpp amounts could also restore a balance between phospholipid and LPS amount by making available more free fatty acids, given the known presence of three acyl chains in the Lpp lipoprotein (49) .
Synergistic Effect of ⌬(lapA lapB) and ⌬(dnaK dnaJ) Mutations and Mutation in a New Potential LPS Assembly Factor-Because DnaK and DnaJ co-purify with LapA and LapB and a modest overexpression of the dnaKJ operon or yceK gene product(s) partially suppressed growth defects of ⌬(lapA lapB), we further explored their roles. Thus, deletion derivatives of dnaK dnaJ and yceK genes were constructed and combined with a ⌬(lapA lapB) mutation at 30°C on M9 medium. A and C) . Shown are elevated levels of the slrA promoter activity monitored by single-copy slrA-lacZ promoter fusion in a ⌬rseA derivative as compared with that in the wild type (D). Cultures of ⌬(lapA lapB) derivative with vector alone or expressing the slrA gene from a plasmid were grown at 30°C in the M9 medium up to an A 600 of 0.2 and analyzed by serial spot dilution for the restoration of growth on MacConkey agar at 42°C (E). Exponentially grown cultures of the wild type (wt), its slrA C derivative with constitutive expression of slrA, ⌬degP, and ⌬degP slrA C derivatives were grown in LB medium at 30°C, adjusted to an A 600 of 0.1, and serially spot-diluted on LA plates. Plates were incubated at 30 and 42°C (F). Isogenic cultures were grown as described in the legend to Fig. 7A . A portion of the cultures were shifted to 37 and 42°C for 30 min in LB medium. An equivalent amount of proteins were resolved on 12% SDS-PAGE and immunoblotted with DegP antibodies (G).
Mass spectrometric analysis of LPS from ⌬(dnaK dnaJ) mutant revealed that it contains primarily the wild type-like LPS and does not accumulate any major early intermediates of the LPS core biogenesis as is in the case with ⌬(lapA lapB) (Fig.  10 ). However, LPS of a ⌬(lapA lapB dnaK dnaJ) derivative revealed differences in the distribution of mass peaks when compared with spectra of LPS from ⌬(lapA lapB) mutant (Fig.  10C ). Further, ⌬(lapA lapB dnaK dnaJ) derivative also contained the mass peak at 2,237.3 Da corresponding to LPS composed of LA hexa ϩ Kdo 2 . Interestingly, the intensity of pentaacylated lipid A in the LPS of ⌬(lapA lapB dnaK dnaJ) derivative was increased, as revealed by the high resolution mass spectrometric analysis of native, non-derivatized LPS (Fig. 5 ). Such mass peaks corresponding to pentaacylated lipid A (1,587.0 and 1,710.0 Da) are absent in the spectra from the lipid A part of LPS from the wild-type and its ⌬(dnaK dnaJ) derivative (Fig. 5D) .
Further, the lipid A part of LPS from ⌬(lapA lapB dnaK dnaJ) derivative also contained mass peaks at 1892.5 and 1900.3 Da derived from the parental ion at 1,769.2 Da, as is the case in the isogenic derivative of ⌬(lapA lapB) mutant (Fig. 5, B and D) . As explained earlier, these mass peaks correspond to P-EtN and Ara4N derivatives of hexaacylated lipid A containing two lauroyl chains and lacking the myristoyl chain. Because a mild overexpression of dnaK dnaJ genes suppressed some of the growth defects of ⌬(lapA lapB) mutants, LPS was also analyzed from ⌬(lapA lapB) derivative carrying plasmid-born dnaK and dnaJ genes. Mass spectrometric analysis of LPS from such a strain revealed a partial restoration of accumulation of mature glycoforms (Fig. 10F) . However, some of the early intermediates were also observed but with a reduced heterogeneity (Fig. 10F) .
The presence of more intense mass peaks, corresponding to pentaacylated lipid A derivatives and changes in the LPS core composition of ⌬(lapA lapB dnaK dnaJ) mutant, suggested a synergistic role of LapA/B proteins with cytosolic chaperones DnaK and DnaJ for folding/activity of various LPS-specific enzymes. Because DnaK and DnaJ are major cytoplasmic chaperones, it is likely that the folding of some LPS-specific enzymes is chaperone-mediated and could be limiting if they are not correctly delivered to the LPS assembly site, where LapA and LapB proteins function together with Lpt IM complex. This can also explain a partial suppression offered by the overexpression of dnaK and dnaJ gene products.
Next, the requirement for YceK was analyzed. The precise function of the yceK gene is not known. However, the yceK gene encodes an OM lipoprotein, which has been found to interact with components of the LPS transport complex (53) . Examination of LPS from a strain with a single ⌬yceK mutation revealed that the majority of mass peaks correspond to glycoforms present in the wild-type strain (Fig. 10D ). However, LPS from ⌬(lapA lapB yceK) derivative revealed more severe defects in the LPS maturation than in ⌬(lapA lapB) mutant alone. Several mass peaks present in the spectra of LPS obtained from ⌬(lapA lapB yceK) mutant were composed of either penta-or hexaacylated lipid A derivatives with only Kdo 2 ϩ Hep 2 ϩ Hex 2 ϩ P in the core region ( Fig. 10E ). Taken together, these results suggest that the product of the yceK gene could be required for proper LPS assembly in the OM. However, overexpression of the yceK gene did not alter LPS properties (data not shown). Because the YceK is an OM lipoprotein, known to interact with Lpt proteins, the absence of YceK could lead to such a synergistic defect in the final assembly of LPS in the OM.
Aggregation of Myristoyltransferase and Early Glycosyltransferases in ⌬(lapA lapB) Derivatives-Accumulation of early intermediates and the presence of pentaacylated lipid A in the LPS of ⌬(lapA lapB) or ⌬lapB mutants can arise due to the requirement for LapB in the synthesis or the folding, localization, or the activity of the responsible enzymes. Thus, ⌬(lapA lapB) mutation was transduced into strains expressing chromosomally encoded in-frame C-terminal FLAG tag epitopes fused to specific enzymes, and their cell lysates were subjected to fractionation. Cell lysates were obtained from permissive growth conditions (M9 at 30°C) and after shift to non-permissive growth conditions. Consistent with the accumulation of pentaacylated lipid A, ⌬(lapA lapB) mutant contained reduced amounts of total LpxM at all temperatures, and the protein migrated with a lower mobility on SDS-PAGE as compared with the wild type (Fig. 11A ). Further, LpxM extracted from the mutant was more sensitive to proteolysis and prone to aggregation, particularly under non-permissive growth conditions (Fig.  11A) . These observations suggested that presumably LpxM was unable to achieve proper folding in the ⌬(lapA lapB) mutant. The reason(s) for slower migration needs further investigation.
Examination of WaaC and WaaO amounts revealed that their overall synthesis is nearly similar in the wild-type and its ⌬(lapA lapB) derivative (Fig. 10B ). However, WaaC and WaaO were found to be aggregation-prone in ⌬(lapA lapB) derivatives upon a shift to non-permissive growth conditions (Fig. 11B) . Interestingly, the aggregation of WaaC at non-permissive growth conditions was dampened upon overexpression of the slrA RNA (Fig. 11B) . These aggregation defects and a proposed scaffold-like function for LapB for LPS-specific enzymes seem to correlate with a specific requirement for individual glycosyltransferases in the cell envelope integrity.
Reduction in LptD Amounts in the OM in ⌬(lapA lapB) Mutants at High Temperature-Because LapA and LapB copurify with Lpt proteins, we expect a synergistic effect of ⌬(lapA lapB) when the Lpt system is compromised. Folding of LptD requires the SurA periplasmic folding catalyst, and partial loss of function alleles of the lptD gene exhibit permeability defects (54, 55) . Thus, ⌬(lapA lapB) was introduced in the wildtype strain and its derivative carrying lptD mutation imp4213 in the presence or absence of a plasmid carrying wild-type lapA lapB genes under permissive growth conditions. Interestingly, no viable transductants were obtained in imp4213 background unless wild-type lapA lapB genes were present ( Table 1) . Similarly, ⌬(lapA lapB surA) multiple deletion derivatives could be constructed only when either SurA or LapB was provided in trans from a plasmid ( Table 1) . These results show a requirement for functional LptD and SurA in ⌬(lapA lapB) mutant. To further support such a role, we examined the amounts of LptD-FLAG in the wild type and its ⌬(lapA lapB) derivative. Immunoblotting with FLAG antibody revealed that the total amount of LptD was nearly similar in the extracts from ⌬(lapA lapB) mutant and its parental wild type. However, a 4 -5-fold reduction in LptD levels was observed in the OM fractions at nonpermissive temperature in ⌬(lapA lapB) mutant (Fig. 11C ). However, this reduction could be a consequence of the requirement of proper LPS for the folding/insertion of LptD in the OM and needs more investigation. However, the overexpression of the lptD gene alone was not found to suppress growth defects of a ⌬(lapA lapB) mutant (data not shown). The lack of suppression by lptD overexpression could be due to a simultaneous requirement of other partners of LptD.
Constitutive Induction of Envelope Stress-responsive Pathways-Because the initial screen that identified lapA and lapB genes was based on the elevated envelope stress response, such results were quantified. Examination of the RpoE-dependent promoter activity in ⌬(lapA lapB) derivatives revealed an ϳ9-fold induction of rpoEP2-lacZ and a nearly 4-fold increase of rpoHP3-lacZ even under permissive growth conditions at 30°C (Fig. 12A) . The Cpx-dependent cpxP promoter activity was also elevated by ϳ3-fold (Fig. 12A) . These results were further validated by the examination of DegP levels, which are jointly controlled by the RpoE and Cpx pathways (27, 28) . Confirming these results, the amount of DegP was found to be elevated in ⌬(lapA lapB) derivative at the permissive temperature and was further increased upon shift to higher temperature (Fig. 12B) . Thus, we can conclude that ⌬(lapA lapB) or ⌬lapB mutants exhibit constitutive high expression of major envelope stress regulons (RpoE and Cpx) consistent with their initial identification.
Constitutive Induction of the RpoH-dependent Heat Shock Response-RpoH is known to sense misfolding of cytoplasmic and IM proteins (37) . Until now, defects in LPS have not been documented to impact RpoH activity, although LpxC and WaaA are subjected to proteolysis by the RpoH-regulated FtsH protease (7, 8, 56) . Thus, relative amounts of highly conserved heat shock protein DnaK were analyzed.
Levels of DnaK were found to be elevated in the ⌬(lapA lapB) mutant even in permissive growth conditions (Fig. 12C ). Amounts of DnaK were further elevated upon shift to higher temperatures. If LapB functions as a scaffold for the LPS biosynthetic enzymes, such enzymes might not be correctly located at the site of LPS synthesis in the cytoplasm or in the IM. This in turn could trigger the RpoH-dependent heat shock induction. Cultures of the wild type and its ⌬(lapA lapB) derivatives carrying chromosomal single-copy C-terminal 3ϫ FLAG epitope fused to various enzymes were grown at 30°C in M9 medium up to an A 600 of 0.2, shifted to 42°C for 90 min in LB medium. An equivalent portion of total proteins was fractionated to obtain IM proteins and total protein aggregates. Samples obtained after fractionation into aggregates, IM, and samples without fractionation (total fractions) from 30 or 42°C were analyzed on 12% SDS-PAGE and immunoblotted with FLAG antibody. Shown are Western blots of samples from LpxM-FLAG derivatives (A) and Western blots from samples with FLAG tag on different glycosyltransferases (B). B (lanes 9 and 10) , samples from aggregate fractions obtained from a strain with the ⌬(lapA lapB) mutation in WaaC-3ϫFLAG background carrying plasmid-borne slrA RNA and subjected to immunoblotting with FLAG antibody. The relevant genotype, temperature, and correspondence to samples without fractionation (total) and after fractionation are marked in each case. C, cultures of the wild type with LptD-3ϫFLAG and its ⌬(lapA lapB) derivative were grown in M9 medium at 30°C up to an A 600 of 0.2. A portion of the culture was shifted for 90 min to 42°C and fractionated to obtain OM fractions. Proteins were resolved on 12% SDS-PAGE and subjected to immunoblotting with FLAG antibody. Lanes 1-4, samples without fractionation, representing the total amount of LptD. Lanes 5-9, samples from OM fractions. In lane 9, a 5ϫ volume of sample is applied from the OM fraction obtained from ⌬(lapA lapB) mutant after the shift to 42°C.
LapA and LapB Are Highly Conserved-Modeling of LapB and LapA was performed with the Phyre server. LapB was predicted to share structural similarity to the TPR-containing N-terminal domain of eukaryotic O-linked GlcNAc transferases, eukaryotic APC/C subunit Cdc/Cut9, MamA protein required for magnetosome assembly, and several other TPRcontaining proteins (Fig. 13 ). The addition of GlcNAc is a ubiquitous form of intracellular glycosylation catalyzed by the conserved O-linked GlcNAc transferase in eukaryotes. TPR repeats of the O-linked GlcNAc transferase in the N terminus are required for the recognition of a broad range of target proteins (57) . However, such post-translational modification is not known to occur in E. coli K12. The presence of TPR repeats suggested that LapB could be involved in mediating proteinprotein interactions. The C-terminal domain of LapB contains a rubredoxin-like domain (RYCQKCGXXWHCPSCXP). This motif is also highly conserved among LapB homologs. Errorprone mutagenesis was used to identify some residues critical for the LapB function. This identified several residues, including some mapping to the rubredoxin-like domain (Fig. 13 ), indicating its essential role for the LapB function. Thus, Cys-371 3 Arg, Ser-378 3 Pro, and Pro-372 3 Leu mutations rendered LapB non-functional (Table 1) . Further, Cys-371 3 Arg conferred a dominant negative phenotype, suggesting that LapB could be a multimeric protein. The C-terminal domain (amino acids 61-89) of LapA is predicted to have a structural fold resembling connector region L␤H in the C-terminal domain of LpxD (42) . This connector loop is located in proximity to the active site residues in the crystal structure of LpxD (42) . In almost all cases, lapA and lapB genes seem to be organized in a presumed operon and are present in all members of Enterobacteriaceae. However, a LapB-like protein was not found in the genome of Pseudomonas, where LpxC is not a substrate for FtsH and slrA sRNA is also absent. The control by slrA RNA in response to elevated LpxC could be specific because this sRNA presence is correlated with LpxC stability and was not found to be present in bacterial species when LpxC stability is independent of FtsH. Consistent with our overall results, LapB seems to act like other TPR-containing proteins and could thus serve as a docking site in the IM for LPS assembly.
DISCUSSION
In this work, we characterized two proteins of previously unknown function. These new proteins were named LapA and LapB based on their contribution to the LPS assembly. Disruption of the lapB gene caused a constitutive high expression of RpoE and Cpx envelope stress-responsive pathways and severe defects in LPS. The lapB gene was found to be essential under FIGURE 12 . Induction of stress response pathways in ⌬(lapA lapB) derivatives. Isogenic cultures of the wild type and its ⌬(lapA lapB) derivative, carrying a specific single-copy chromosomal promoter fusion, were grown to early log phase at 30°C in M9 medium and adjusted to an A 600 of 0.02 and allowed to grow further. Samples were analyzed for ␤-galactosidase activity after different intervals. Data are shown after a 90-min incubation (A). B and C, cultures of the wild type and its ⌬(lapA lapB) derivative were grown in M9 medium up to A 600 of 0.2 at 30°C. Aliquots were shifted to 37 and 42°C and allowed to grow for 30 min in prewarmed flasks. Cultures were harvested by centrifugation, and an equivalent amount of total protein was applied on 12% SDS-PAGE. The relative abundance of DegP (B) and DnaK (C) was revealed by immunoblotting using DegP and DnaK antibodies, respectively. The relevant genotype and temperature are indicated. normal laboratory growth conditions. Suppressor-free ⌬lapB mutants could be obtained only when cells were grown on minimal medium at 30°C in some but not in all genetic backgrounds. These phenotypes are reminiscent of phenotypes observed in strains with minimal LPS composed of either Kdo 2 ϩ lipid IV A or, in the case of ⌬waaA mutants, synthesizing glycosylation-free LPS (6) . The lapB gene is co-transcribed with the lapA gene, and their transcription is directed from three promoters, one of which (P2) is heat shock-regulated. A non-polar deletion in the lapA gene confers mild permeability defects and temperature sensitivity when grown on bile saltcontaining medium. To address the molecular basis of essentiality of LapB and causes of envelope stress response, we analyzed the LPS composition of various mutants, isolated various multicopy and extragenic suppressors, and purified LapA and LapB proteins.
Based on the biochemical analyses of Lap proteins, properties of LPS from ⌬(lapA lapB) mutant, and genetic analyses of various suppressors, our results suggest a pivotal role for LapB protein in the coupling of LPS synthesis and translocation. LapB protein seems to act in the pathway of lipid A assembly by regulating amounts of LpxC and in either the delivery or maintenance of the folding competence of early glycosyltransferases. Such a key role is consistent with the essentiality of LapB and with the presence of modules in LapB like TPR, which could mediate protein-protein interaction and also serve as a scaffold for LPS and LPS-specific enzymes.
Purification of LapA and LapB provided important clues concerning their function in the interaction with Lpt proteins that mediate LPS translocation. When used in pull-down experiments, LapA and LapB co-purify with LPS, Lpt proteins, and FtsH protease. LptE and LptD together with LptBFGC and LptA proteins constitute a large transenvelope LPS transport complex (10, 11) . LptE is an OM lipoprotein and forms a complex with LptD in the OM. LptD and LptE are required in the final steps of LPS insertion at the OM (58, 59) . LptB is presumed to provide energy to drive LPS translocation for delivery to LptC and LptA (60) . Indeed, in the pull-down experiments using the co-overexpression system of LapB with LptC-expressing plasmid, we were able to purify a complex consisting of LapB and Lpt proteins. Co-purification of LapA and LapB with LPS supports these conclusions. However, this co-purification with LPS can also arise due to co-purification of Lap proteins with Lpt proteins. It has been shown that LptA, LptC, and LptE bind LPS (13, 14, 58) . However, LapA samples that were tested for LPS presence do not contain detectable amounts of Lpt proteins.
Consistent with LPS defects and interaction of LapA and LapB with Lpt proteins, a partially functional lptD4213 allele causes lethality in the ⌬(lapA lapB) background. Further, the amounts of LptD in the OM were found to be 4 -5-fold diminished in a ⌬(lapA lapB) mutant at non-permissive growth conditions. However, this decrease can also arise due to the known requirement of LPS for folding of OM proteins (17) and needs more investigation. Overall, these results can explain synthetic lethality of ⌬(surA lapA lapB). SurA is known to be required for the folding of LptD (55) and can explain previous report of ⌬(surA lapB) lethality (61).
Co-purification of LapB and WaaC suggested that LapB protein could couple LPS synthesis with LPS translocation. However, it seems that LapA and LapB might function together with some chaperones in this pathway. Support for such a conclusion is based on co-purification of LapA and LapB with DnaK and DnaJ and partial suppression of growth and LPS defects upon the overexpression of these chaperones. There seems to be a parallel in the function of LapB with eukaryotic TPR-containing protein at the organellar surfaces serving as docking proteins for chaperone-bound preproteins (62) . Thus, LapB may act in a similar manner in the pathway of folding with common substrates with Hsp40 (DnaJ) and Hsp70 (DnaK).
⌬(lapA lapB) mutant was found to accumulate high amounts of LpxC. LpxC catalyzes the first committed step in the lipid A synthesis. LpxC is an unstable protein whose turnover is regulated by FtsH. LpxC together with FabZ (3-R-hydroxymyristoyl acyl carrier protein dehydratase) are known to be key factors in the balanced synthesis of lipid A and phospholipids (7, 8) . That the amounts of LpxC are elevated to the same extent in the ⌬(lapA lapB) mutant irrespective of the presence or the absence of FtsH argues that LapB is required in vivo for the FtsH-mediated proteolysis of LpxC. This elevated level of LpxC could be one of the reasons for the essentiality of LapB. In agreement with this notion, we also observed that FtsH and LapB co-purify, and suppressor mutations, which restore growth of ⌬lapB mutants, mapped to either the lpxC gene or genes, which reduce LpxC accumulation or LPS biosynthesis. Two suppressor mutations mapping to the lpxC gene dampened the elevated levels of LpxC. Interestingly, the sfhC21 suppressor mutation of a defined ftsH mutation also suppresses the growth defect of ⌬(lapA lapB) mutants. Similarly, overexpression of a new non-coding sRNA, slrA, identified in this work as a multicopy suppressor, also caused a modest decrease in the accumulation of LpxC. This in turn could restore a balance between LPS and phospholipids arising due to an increase in LpxC amounts, consistent with previous reports of suppressors of ftsH mutations mapping to the fabZ gene (7) . The biosynthesis of phospholipids and lipid A use the same precursor R-3hydroxymyristoyl-ACP (7, 43) . However, the LPS defects that are observed in ⌬(lapA lapB) or ⌬lapB mutants cannot be solely due to increased LpxC. It has been reported that ftsH mutants, accumulating a similar high amount of LpxC, have a normal LPS core chain length (7) . There also seems to be a built-in mechanism that helps to maintain the balance in the levels of LapAB-dependent LPS and phospholipid synthesis, because one of the promoters of lapAB genes is located upstream of the pgpB gene. Consistent with imbalanced synthesis of LPS and other envelope components, overexpression of the murA gene product allowed ⌬(lapA lapB) or ⌬lapB mutants to grow under non-permissive growth conditions. MurA and LpxA use the common UDP-GlcNAc as a substrate. This explains the isolation of the murA gene as a multicopy suppressor. Overexpression of MurA could shift the balance toward peptidoglycan biosynthesis and prevent toxic buildup of LPS.
Mass spectrometric analyses of LPS from ⌬(lapA lapB) or ⌬lapB mutants revealed that their LPS is composed of a mixture of complete LPS and its precursor forms. A range of species
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corresponding to incomplete core with the lipid A part comprised of a mixture of penta-and hexaacylated derivatives were observed. Because the LPS of the ⌬lapA mutant was nearly normal, it seems that in this process, the main LPS defect is due to a specific requirement of LapB. The accumulation of LPS intermediates implies that various glycosyltransferases are either limiting in the absence of LapB or LapB is needed to recruit such glycosyltransferases to sites of LPS assembly. This is consistent with the observed co-purification of WaaC with LapB. In line with these arguments, some of the key early glycosyltransferases were observed to be aggregation-prone at non-permissive growth conditions. LPS from ⌬(lapA lapB) or ⌬lapB mutants accumulate significant amounts of lipid A species, which are either pentaacylated or species with an additional secondary lauroyl chain replacing the myristoyl chain. This can be explained by enhanced proteolysis and reduction in the overall amount of LpxM in the ⌬(lapA lapB) background. Another explanation can be that LpxM is not delivered to the site of LPS assembly, where LapB could function as a scaffold for LPS assembly. The accumulation of pentaacylated lipid A and lipid A with two lauroyl chains can also be due to reduction in the availability of acyl-ACP substrates when LpxC levels are elevated and a concomitant reduction in FabZ activity. FabZ and LpxC activity are known to be co-regulated (43) . Mutants with reduced FabZ activity also accumulate pentaacylated lipid A and lipid A derivatives with two lauroyl chains (43) . Thus, a combination of a reduced amount of functional LpxM in the IM and reduction in the levels of acyl-ACP pools could together contribute to this defect. These results are consistent with co-immunoprecipitation of FabZ with LapB (see below) and suppression of lethality of the ⌬lapB mutation in sfhC21 background or when the fabZ gene was overexpressed.
Another glaring defect observed in the LPS of ⌬(lapA lapB) derivatives is the carbon chain length polymorphism of lipid A. This was most obvious in the LPS of ⌬(lapA lapB) derivative carrying the WaaC T187K mutation. This waaC variant or a deletion of the waaC gene conferred a limited suppression onto ⌬(lapA lapB) when grown on rich medium below 37°C. The carbon chain polymorphism may be due to the changes in the composition of fatty acid odd chain versus even chain in ⌬(lapA lapB) mutants. Such a polymorphism has also been reported in the lipid A of lpxD mutants (42) or when E. coli is grown in the presence of 1% propionic acid (47) . Similar to the lipid A of ⌬(lapA lapB) derivatives, lpxD mutant generated multiple lipid A species containing one or two longer hydroxy fatty acids in place of the usual R-3-hydroxymyristate at positions 2 and 2Ј. Consistent with these results, a partial suppression was also observed when a known variant lpxD36 was introduced in the ⌬(lapA lapB) background. LpxD catalyzes the third step of lipid A biosynthesis, the R-3-hydroxyacyl-ACP-dependent N-acylation of UDP-3-O-(acyl)-R-D-glucosamine (42) . Taken together, LapB seems to have a function related to maintaining a balance in various enzymes involved in the biosynthesis of LPS core and lipid A.
In a comprehensive approach to understanding the essentiality of LapB and its functional partners, multicopy and extragenic suppressors were isolated and characterized. The multi-copy suppressor approach identified enzymes involved in the phospholipid and fatty acid biosynthesis (fabZ and fabB), peptidoglycan synthesis (murA), and envelope stress response regulators (rcsF, a new sRNA designated slrA, and toxin/antitoxin system hicA). The fabB gene encodes ␤-ketoacyl-ACP synthase I (63) . FabB overexpression may suppress growth defects by maintaining a balance in saturated versus unsaturated fatty acids.
As mentioned above, balanced synthesis of phospholipids and LPS is crucial to bacterial viability. The gene cluster comprising lpxD, fabZ, lpxA, and lpxB is co-transcribed from RpoE and Cpx promoters (28) . ⌬lapB mutants have up-regulated RpoE and Cpx activity, and this could cause an increase in the synthesis of enzymes like FabZ. Thus, systems that will modulate RpoE and/or Cpx pathways and restore a balance in phospholipids and lipid A should suppress to some extent a ⌬lapB mutation. The isolation of fabZ, non-coding sRNA slrA, and hicA support this model of suppression. Overexpression of the slrA sRNA dampens RpoE-dependent envelope stress response and reduces LpxC accumulation. This resetting of balanced cell envelope biogenesis, upon mild overexpression of the slrA sRNA, also caused a reduction in the WaaC aggregation. We also found that its overexpression causes reduction in the amounts of the most abundant lipoprotein Lpp. Interestingly, a null mutation in the lpp gene was isolated as an extragenic suppressor of growth defect of ⌬(lapA lapB) mutants. A similar explanation can be provided to account for the multicopy suppressor effect of the hicA gene. It has been suggested that the HicA toxin acts by enhanced degradation of target mRNAs, which include RpoE and CpxR/A regulators (64) . Characterization of ⌬(lapA lapB lpp) mutants revealed that such bacteria can grow up to 40°C. The Lpp murein lipoprotein is numerically the most abundant protein in E. coli and carries three fatty acyl chains (49, 50) . Thus, the absence of Lpp or reduction of its amounts can lead to the increased availability of fatty acids and restore a balance between phospholipids and LPS in ⌬(lapA lapB) mutants. This can provide a rational explanation for the isolation of suppressor mutation as a loss of function mutation in the lpp gene and multicopy suppression by overexpression of the slrA sRNA.
Additional multicopy suppressors identified four genes of unknown function: yceK, yeaD, yffH, and ydhA. Most of these genes have a predicted function in the envelope biogenesis. Indeed, analysis of LPS by mass spectrometry revealed that defects in LPS composition were exacerbated in the ⌬(lapA lapB yceK) mutant. Thus, taken together, it seems that YceK is a genuine protein with a role in LPS translocation or assembly.
In addition to the suppressors in the lpxC gene, additional extragenic suppressors were mapped to genes involved either in the heptose biosynthesis (gmhA) or heptosyltransferases (waaC and waaQ) or glycosyltransferase I (waaG). Examination of LPS of the ⌬lapB waaCT187K derivative revealed that it accumulated a lower amount of LPS as compared with a ⌬waaC mutant. This could be due to defects in the translocation of LPS present in ⌬lapB waaCT187K derivative because it exhibited altered carbon chain polymorphism. Another explanation could be a partial reduction in the elevated amount of LpxC in a ⌬lapB waaCT187K mutant. A similar explanation could be provided for suppressor mutation in the waaQ operon. A ⌬(lapA lapB) waaQ::Tn10 derivative also accumulated a slightly lower amount of LpxC as compared with the parental strain carrying the ⌬(lapA lapB) mutation. Thus, reduction in the LpxC and LPS amount could be a part of the feedback mechanism and could thus contribute to restoration of the balance between the amount of LPS and phospholipids. Further detailed studies are required to fully understand the mode of such a suppression mechanism.
During the revision process of this manuscript, three groups described characterization of the lapB gene (yciM) in E. coli and its homolog in Neisseria meningitidis (65) (66) (67) . In one study, the lapB (yciM) gene was identified by serendipity, whereby the lapB deletion strain in the ASKA library carried a suppressor mutation in the lpxC gene (65). The lapB gene was found to be essential at 37°C, and depletion of LapB was shown to cause accumulation of LpxC and increase in LPS amounts, which supports our results. In another study, the lapB mutant was identified in a screen of an E. coli genomic knock-out library (ASKA library), on the basis of its sensitivity to various antibiotics (66) . The sensitivity of lapB (yciM) mutants toward antibiotics had already been shown in an earlier study using the same deletion library (68) . In N. meningitidis, a mutation in the homologous gene ght was found to cause reduction in LPS amounts, and a suppressor mutation was found to synthesize more LpxC (67) .
These authors suggested that LpxC could be tethered to the IM by Ght (67) .
Model of LapA and LapB Function and the Essentiality of the lapB Gene-In summary, we show that the essential function of LapB is to maintain balanced amounts of LPS biosynthetic enzymes, such as LpxC. In the absence of LapB, the elevated accumulation of LpxC would perturb the balance between phospholipids and LPS, leading to toxicity. Thus, defects in LpxC proteolysis support an acute requirement for LapB for maintaining cellular homeostasis of these important enzymes. This model (Fig. 14) is supported by restoration of growth by the overexpression of either the fabZ gene product or in the presence of the sfhC21 mutation. Indeed in our preliminary immunoprecipitation experiments, LapB was found to co-immunoprecipitate with FabZ. Another reason for the essentiality of the lapB gene could be a specific requirement for LapBmediated coupling of LPS synthesis with its translocation, as revealed by the co-purification of WaaC with LapB and LapB with Lpt proteins (Figs. 6 and 14) . However, in this process, an interaction with MsbA was not observed, implying that MsbA could translocate LPS without a specific requirement for either LapA or LapB. This is consistent with known properties of MsbA and the lack of its co-purification with either Lpt proteins or LapA or LapB. Another reason for the essentiality of the lapB gene could be toxic buildup of elevated RpoE, Cpx, and LapB functions at key steps, including the presentation of LpxC to FtsH protease, serving as a docking site for the LPS assembly by various IM-associated or IM-anchored enzymes, ensuring that only the completely synthesized LPS is translocated. In this process, LapB could couple LPS synthesis with its translocation. This mature LPS would be flipped by MsbA, and in subsequent steps LapA and LapB could function together with transenvelope Lpt complex components because such proteins were found to co-purify. In the absence of LapB, LpxC accumulates, causing toxicity due to the imbalance between LPS and phospholipids. Overexpression of the fabZ gene product can restore this balance between phospholipids and LPS.
RpoH stress-responsive pathways. This is consistent with the isolation of some of the extragenic suppressors or multicopy suppressors that either dampen the elevated envelope stress response or cause a reduction in LPS biosynthesis.
Thus, in addition to regulating LpxC turnover, LapB could act as a docking site for various LPS biosynthetic enzymes, such as glycosyltransferases, accounting for the extreme heterogeneity of LPS that was observed in the absence of LapB. Finally, LapA and LapB appear to interact with proteins involved in the LPS translocation process. In this role, LapA and LapB could deliver LPS to the Lpt complex in the IM, a function that is supported by observations demonstrating that the Lap proteins interact with both LPS and Lpt factors (Fig. 14) . The presence of TPR repeats in LapB is consistent with the notion that this protein functions as an organizing complex at the IM for the assembly of LPS, mediates delivery of various glycosyltransferases, and assists in the rapid turnover of LpxC by FtsH.
